The reactions e + e − → π + π − and e + e − → NN with N = p, n are studied in a nonperturbative quark model. The work suggests that the two-step process, in which the primary qq pair first forms a vector meson which in turn decays into a hadron pair, is dominant over the one-step process in which the primary qq pair is directly dressed by additional qq pairs to form a hadron pair. To reproduce the experimental data of the reaction e + e − → nn and pp, a D-wave, ω-like vector meson with a mass of around 2 GeV has to be introduced.
I. INTRODUCTION
Experimental data on the reaction e + e − → nn from the FENICE Collaboration [1] , earlier data on the reaction e + e − → pp from the FENICE and DM2 Collaborations [2] , and data collected at the LEAR antiproton ring at CERN on the time-reversed reaction pp → e + e − [3] , which are all summarized in Fig. 1 , indicate a ratio σ (e + e − → nn)/σ (e + e − → pp) > 1 at energies around the NN threshold with E c.m. ∼ 2 GeV. Averaging over the available data on both the direct and time-reversed reactions, one finds [4] σ (e + e − → pp)
σ (e + e − → nn) = 0.66
In a naive perturbative description of e + e − annihilation into baryons, the virtual timelike photon first decays into apair, and then thepair is dressed by two additional quarkantiquark pairs excited out of the vacuum to form a baryon pair. The dressing process does not distinguish between u and d quarks at high momentum transfers since in the description of perturbative QCD the gluon couplings are flavor blind. In the conventional perturbative picture, the only difference between proton and neutron production arises from the different electric charges of the primarypairs. One expects to get σ (e + e − → pp)
σ (e + e − → nn) > 1 ( 2 ) at large momentum transfers where the u-quark contribution dominates in the proton, and the d quark dominates in the neutron.
The reaction e + e − → NN at energies around the NN threshold is highly nonperturbative; hence, the problem must be tackled in a nonperturbative manner. In this work we model the reactions by the nonperturbative 3 P 0 quark dynamics which describe quark-antiquark annihilation and creation. It was shown that the 3 P 0 approach is phenomenologically successful in the description of hadronic couplings [5] [6] [7] [8] [9] .
The reaction e + e − → NN may arise from two different processes: (1) the primarypair is dressed directly by two additional quark-antiquark pairs created out of the vacuum to form a baryon pair; and (2) the primarypair forms a virtual vector meson first, and then the virtual vector meson decays into a baryon pair. We expect that the second process is dominant over the first because of the considerable success of the vector dominance model. However, it is difficult to extract a solid conclusion by studying the reaction itself since there are only very limited experimental data available and the effective strength of the quark-antiquark vertex may vary largely from one process to another. We therefore study first a much simpler process, the reaction e + e − → π + π − , for which a large number of high quality data are available. The work is arranged as follows: In Sec. II we study the reaction e + e − → π + π − with the parameters determined in the reactions ρ 0 → e + e − and ρ 0 → π + π − . The reaction e + e − → NN is studied in Sec. III in the two-step process described above. We give our conclusions in Sec. IV. In Appendixes A and B we discuss the calculations of the transition amplitudes ρ 0 → π + π − and V → NN in the 3 P 0 model.
The reaction e + e − → π + π − may arise in the valence quark dominated picture from the following process: the e + e − pair annihilates into a virtual timelike photon, the virtual photon decays into apair, and finally thepair is dressed by an additional quark-antiquark pair created out of the vacuum to form a meson pair, as shown in Fig. 2(a) . The transition amplitude is expressed formally as two-step reaction, whereas the former, more general one, is the one-step reaction. The corresponding transition amplitude then takes the form 
where s = (p q + p q ) 2 , e q is the charge of quarks, and the Dirac spinors are normalized according to uu = vv = 2m. In the small quark momentum approximation, the decay width for the transition of a vector meson to an electron-positron pair can be easily evaluated. One has
where Q 2 is the squared sum of the charges of the quarks in the meson, with Q 2 = 1/2 for ρ, 1/18 for ω, and 1/9 for φ; and ψ(0) = 1/(πb 2 ) 3/4 is the coordinate space wave function of the vector meson at the origin. Using as an input M ρ = 0.7758 GeV, α = 1/137, and the experimental value of ρ 0 →e + e − = 7.02 ± 0.11 keV, we get b = 3.847 GeV We use the reaction ρ 0 → π + π − to determine the effective strength parameter λ in the quark-antiquark 3 P 0 vertex
where
, p i and p j are the momenta of quark and antiquark created out of the vacuum. F ij andĈ ij are the flavor and color operators projecting a quark-antiquark pair to the respective vacuum quantum numbers. The derivation and interpretation of the quarkantiquark 3 P 0 dynamics may be found in the literature [5, 6] . The decay width of the reaction ρ 0 → π + π − takes the form
where T ρ 0 →π + π − is the corresponding transition amplitude defined in the center-of-mass system. Substituting T ρ 0 →π + π − as calculated in our approach (see Appendix A) we get
where M ρ is the mass of ρ meson and
is the momentum of the outgoing pions. The result obtained here is consistent with those of Refs. [5, 11, 12] ; the different magnitude of the strength parameter λ just depends on the different normalization of the Fig. 2(b) for the cross section of the reaction e + e − → π + π − compared with experimental data from [13, 14] .
, the experimental value = 150 MeV for the decay width of ρ 0 → π + π − requires the effective strength parameter λ to take the value λ = 0.98 . In [11] , the size parameter b is taken to be 2.5 GeV −1 and the effective strength is fitted to be 0.39, which according to our normalization corresponds to λ = 0.96.
Based on the evaluations for the reactions ρ 0 → π + π − and ρ 0 → e + e − , it is straightforward to work out the transition amplitude of the two-step diagram shown in Fig. 2(b) in the reaction e + e − → π + π − to be
The transition amplitude for the process ρ → e + e − is T ρ→e + e − = e + e − |T ||V = dp q dp q (2π ) 3 
where ψ ρ is the wave function of the ρ meson in momentum space, and T qq→e + e − is given in Eq. (6) . The δ function δ( p q + pq) indicates that we work in the ρ-meson rest frame.
Note that only the P wave contributes to the process e + e − → π + π − since the spin of the intermediate ρ is 1. Furthermore, there is no free parameter, because the size and the effective strength parameters have been determined by the processes ρ 0 → e + e − and ρ 0 → π + π − , respectively. In Fig. 3 In the following we assume that the reaction e + e − → NN is described by a two-step process, just as for the reaction e + e − → π + π − . This is again consistent with the vector dominance model.
Here we study the two-step process shown in Fig. 4 : the e + e − pair annihilates into a virtual-time-like photon, the photon decays into apair, thepair forms a virtual vector meson, and finally the virtual vector meson is dressed by two additional quark-antiquark pairs created out of the vacuum to form a baryon pair. The meson ρ(2150) with the quantum number I G (J PC ) = 1 Considering that both isospin I = 0 and 1 vector mesons could be the intermediate states for the reaction e + e − → NN, we have the transition amplitudes However, the experimental ratio of Eq. (1) Table I ).
It is found in our study that the experimental data suggest a ω(2150) being in a D wave and prefer the ρ(2150) meson as a mixture of S and D waves. It may be interesting to mention that the work [12] , which studied the decay of higher quarkonia in the 3 is fixed from other considerations [6, 18] , and the masses and widths of the mesons ρ(2150) and ω(2150) are taken from [15] [16] [17] 
The model results for the cross sections of Eq. (15) are sensitive to the length parameters b and a and the effective parameter λ. However, the ratio σ (e + e − → pp)/σ (e + e − → nn) is of course independent of the strength parameter and rather independent of the length parameters involved.
IV. CONCLUSIONS
The puzzling experimental result that σ (e + e − → pp)/σ (e + e − → nn) < 1 can be understood in the framework of a phenomenological nonrelativistic quark model. We study the reaction ρ → π + π − shown in Fig. 6 to determine the effective strength parameter λ in the quark- 
Concerning the SU (2) 
We have spin S i = 1 and isospin T i = 1 for the ρ meson, and the isospin projection T z = 0 for ρ 0 . Here we employed the harmonic oscillator interaction between quark and antiquark.
The final state | f is formed by coupling the WFs of the two final mesons. For two S-wave mesons we have 
The transition amplitude is derived as 
